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Abstract 
In this study, response surface methodology (RSM) was used to optimize the experimental conditions in nitrate removal 
processes using 20% AEPTMS amine-functionalized MCM-41 as the adsorbent. The adsorbent was synthesized via co-
condensation method and then characterized by using scanning electron microscope (SEM) and Fourier transform infrared 
spectroscopy (FTIR). Subsequently, total 19 adsorption experiments with different experimental conditions generated by the 
Design of Experiments (DoE) software have been conducted. The experimental results were fitted well with the quadratic model 
suggested by the software and the R2 value obtained was 0.9935. It was found that the highest percentage removal of nitrate was 
70% obtained at initial nitrate concentration of 0.25 mM, adsorbent dosage of 0.50 g and contact time of 1 h. On the other hand, 
the optimum nitrate removal of 56% was obtained at the optimum conditions suggested by the software, with the initial nitrate 
concentration of 0.25 mM, adsorbent dosage of 0.124 g, and contact time of 1 h. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Nitrate is widely used to produce fertilizer due to its high solubility and biodegradability in water. However, the 
excessive use of fertilizer in agriculture has caused leaching of nitrate into the ground water, which then 
contaminates the river around the agricultural area and water supply [1, 2]. High nitrate concentration in drinking 
water may bring us various health effects. For instance, infants under six months fed with nitrate contaminated water 
could have blue baby syndrome, and if untreated, may die [3, 4].  
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Various methods have been developed for nitrate removal up to date. The most common methods are ion 
exchange, reverse osmosis and electrodialysis [5-7]. Even though these methods have their own advantages in 
removing nitrate, they possess some major drawbacks such as high waste disposal, formation of disinfection by-
products, expensive and operation complexity [6, 8]. Adsorption, on the other hand, is more favourable for nitrate 
removal process due to its simplicity of design, ease of operation, and less to no waste disposal [7, 9].  
Among all the conventional adsorbents, mesoporous materials are most popular due to its large surface area, high 
pore volume, and high thermal stability [9-11]. These materials are normally functionalized with different amine 
groups in order to further improve the adsorption capacities [11, 12]. According to our preliminary study, MCM-41 
functionalized with 20% AEPTMS can achieve high percentage of nitrate removal [13]. However, optimization of 
the operating parameters in nitrate adsorption process are yet to be studied.  
In the present work, MCM -41 loaded with 20% of 3-[2-(2-aminoethylamino)ethylamino] propyl-
trimethoxysilane (AEPTMS) amine group was synthesized via co-condensation method. The morphology and 
functional group of the resultant adsorbent were verified through scanning electron microscope (SEM) and Fourier 
transform infrared spectroscopy (FTIR). Subsequently, nitrate removal tests were conducted based on the 
experiment conditions suggested by Design of Experiments (DoE) software and response surface methodology 
(RSM) was applied to determine the optimum parameters for nitrate removal. 
2. Methodology 
2.1. Design of Experiments  
The removal of nitrate from aqueous solution using 20% AEPTMS amine functionalized MCM-41 was designed 
by central composite design (CCD) coupled with RSM using Design Expert 8.0 software. Based on the reported 
literature [14- 15], the crucial experimental conditions in nitrate removal process were identified and their respective 
ranges are tabulated in Table 1. Based on these ranges, total 19 experimental runs with different experimental 
conditions were generated by the software and these conditions are listed in Table 2. 
                                                               Table 1. Range of experimental parameters used in nitrate adsorption process. 
Symbol 
Independent variables Range and levels (coded) 
-1 0 +1 
A Initial nitrate concentration (mM) 0.05 0.15 0.25 
B Adsorbent dosage (g) 0.050 0.275 0.500 
C Contact time (h) 1.0 12.5 24.0 
 
2.2. Materials and Methods  
Tetraethoxysilane (TEOS), cetyltrimethylammonium bromide (CTAB), 3-[2-(2-
aminoethylamino)ethylamino]propyl trimethoxysilane (AEPTMS),  sodium hydroxide (NaOH) and de-ionized water 
(H2O) were used to synthesize 20% AEPTMS amine functionalized MCM-41 adsorbent in this study. 
2.3. Synthesis of Adsorbent  
The adsorbent was synthesized via co-condensation method following the procedure reported in the literature 
with some modifications [16]. The mixture of CTAB (2 g, 5.49 mmol), NaOH (7mL, 2M, 14 mmol), and H2O 
(480g, 26.67 mol), were heated at 80 ºC for 30 minutes. Then, TEOS (8.452 g, 40.44 mmol) and AEPTMS (2.683 g, 
10.11 mmol) were added sequentially into the mixture. The temperature of the reaction mixture was maintained at 
80 ºC. After reaction duration of 2 h, the resultant mixture was centrifuged, washed with water, and then dried in 
oven. Subsequently, acid extraction was performed on the sample in order to remove the surfactant. The product 
material (1 g) were treated with methanol (100 mL) and concentrated HCl (1 mL) mixture under vigorous stirring at 
80 ºC for 6 h. Finally, the resulting solid product was centrifuged and washed with water and methanol, and then 
dried in the oven. 
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                                       Table 2. Nitrate removal experiment runs and responses. 
Experiment runs A (mM) B (g) C (h) Percent removal (%) of nitrate 
1 0.15 0.275 24.00 46.86 
2 0.15 0.275 12.50 47.00 
3 0.15 0.050 12.50 26.25 
4 0.05 0.275 12.50 9.40 
5 0.05 0.500 1.00 19.52 
6 0.05 0.050 24.00 20.73 
7 0.25 0.050 24.00 43.98 
8 0.25 0.500 24.00 69.29 
9 0.25 0.050 1.00 45.07 
10 0.25 0.500 1.00 70.26 
11 0.15 0.500 12.50 47.41 
12 0.15 0.275 12.50 46.86 
13 0.05 0.050 1.00 4.16 
14 0.15 0.275 12.50 42.67 
15 0.15 0.275 1.00 46.51 
16 0.15 0.275 12.50 43.05 
17 0.05 0.500 24.00 20.53 
18 0.15 0.275 12.50 47.80 
19 0.25 0.275 12.50 65.69 
2.4. Characterization 
      Fourier transform infrared spectroscopy (FTIR, Shimadzu 8400s) was used to verify the functional group of the 
sample in the wavelength ranging from 400 to 4000 cm-1. Meanwhile, scanning electron microscope (SEM, Hitachi 
TM 3030) was used to analyze the surface morphology of the sample. 
2.5. Nitrate Removal Study  
      The uptake of nitrate was carried out according to the experiment conditions as shown in Table 2. First, 25 mL 
of A mM sodium nitrate solution was added to B g of adsorbent in a conical flask. The mixture was shaken by hand 
for one minute before thoroughly mixed using stirrer for C hours. After C hours, the solid and solution phases were 
separated by using glass syringe through a 5 μm nylon filter. 15 mL of each solution was collected in clean vial for 
nitrate concentration analysis using UV-Vis Spectroscopy (Cary 60). The percentage removal of nitrate was 
calculated using Equation 1 as follows [14]: 
 
                                                                                                            (1)   
where Ci is initial nitrate concentration in solution (mM) and Cf  is the final nitrate concentration in solution (mM).  
2.6. Statistical Model Analysis and Optimization Study 
      The results obtained from nitrate uptake studies was analyzed using Design Expert 8.0 software via analysis of 
variance (ANOVA) and Design Expert plot. Both tools were used to estimate the error and determine the accuracy 
of the model generated by the software based on the experimental result. 
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      In addition, numerical optimization was used to optimize the experimental conditions. The optimization was 
done by setting a set of goals for each variables and responses. Then, the software will generate a list of possible 
solutions with optimum condition. The optimum condition with highest desirability, D was selected as the optimum 
condition. Total of 4 nitrate removal experiments were conducted at the optimum condition in order to verify the 
accuracy of the prediction. 
 
3. Results and discussion 
3.1. Characterization 
3.1.1 Fourier Transform Infrared Spectroscopy (FTIR) 
         Fig. 1 (a) shows the FTIR spectra of the synthesized adsorbent. Strong absorption band was observed near 
1050 cm-1 to 1100 cm-1 due to the Si-O stretching vibrations in Si-O-Si structure, which represented the structural 
characteristic of silica [17-18]. The absorption band from 1620 – 1650 cm-1 indicated H-O-H bending vibration of 
water molecules [17,19], meanwhile, the broad band at 3100-3600 cm-1 was attributed to the adsorbed water 
molecules [17]. The presence of –NH2 symmetric vibration at around1500 cm-1 indicated the successful 
functionalization of amine group into the mesoporous silica MCM-41 structure [19]. 
 
 
3.1.2 Scanning Electron Microscope (SEM) 
 
      The surface morphology of 20% AEPTMS amine-functionalized MCM-41 was studied using scanning electron 
microscope (SEM). Fig. 1 (b) shows the morphology of the adsorbent. The particles were spherical in shape, well 















Fig. 1. (a) FTIR spectra, (b) SEM images of 20% AEPTMS amine-functionalized MCM-41.  
 
 
3.2 Nitrate Removal Study 
 
3.2.1 Statistical Model Analysis 
 
     Response surface methodology (RSM) was used to correlate the interactions between the independent variables 
including, initial nitrate concentration (A), weight of adsorbent (B), contact time of adsorbent (C) and response 
variable, percentage of nitrate removal (Y) in the nitrate removal study using 20% AEPTMS amine-functionalized 
MCM-41. Table 2 tabulates the results of the response by each experimental run. Referring to Table 2, the highest 
percentage of nitrate removal achieved by the adsorbent is 70%. Table 3 shows the ANOVA results generated by the 
software. The model was selected based on the highest order polynomial where the additional terms were significant 
(a) (b) 
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and the model was not aliased. In this study, a quadratic model was suggested by the software with F-value of 58.99 
and “Prob > F” of 0.0001. 
     Besides, for the model term to be significant, the calculated probability should be less than 0.05 (“Prob > F” less 
than 0.0500). In this case, A, B, AB, A2, B2, AB2 were significant while C, AC, BC, C2, ABC, A2B, A2C were 
insignificant to the percentage of nitrate removal. On the other hand, the “Lack of Fit F-value” of 3.06 indicated that 
the lack of fit was insignificant. This result implied that the model fitted the experiment data in the present study. 
 


















     
 Fig. 2 shows the Design Expert plot on the predicted versus actual values of the percentage of nitrate removal. The 
straight line indicated the predicted values while the small boxes represented the actual experimental values. It can 
been seen from the Fig. 2 that the straight line is located very close to the actual values and has a correlation 













Fig. 2. Predicted versus actual data design expert plot. 
 
The quadratic models which represented the percentage of nitrate removal (Y) are described in Equation 2 in 
terms actual factors as follows:  
 
Percentage of nitrate removal (%), Y (actual factors) =  
-11.18507 +300.52452 *A -40.52132 *B +0.50785 *C +1253.16586 *A *B -8.82222*A*C -1.88213 *B*C 
-450.60241 *A2 +105.26384 *B2 +0.027620 *C2 +7.57488 *A*B*C -1054.44444 *A2*B +15.34783 *A2*C 
-1518.51852 *A*B2                                                                                                                                        (2) 
Model terms Sum of Squares Mean Square F Value Prob > F 
Model 6330.78 486.98 58.99 0.0001 
A 1584.28 1584.28 191.91 < 0.0001 
B 223.87 223.87 27.12 0.0034 
C 0.061 0.061 0.007 0.9347 
AB 156.11 156.11 18.91 0.0074 
AC 48.22 48.22 5.84 0.0604 
BC 29.80 29.80 3.61 0.1159 
A2 82.27 82.27 9.97 0.0252 
B2 105.11 105.11 12.73 0.0161 
C2 36.46 36.46 4.42 0.0896 
ABC 30.73 30.73 3.72 0.1116 
A2B 9.01 9.01 1.09 0.3441 
A2C 4.98 4.98 0.60 0.4723 
AB2 94.56 94.56 11.45 0.0196 
Lack of Fit 17.88 17.88 3.06 0.1553 
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where Equation 2 is subjected to 0.05 mM d A d 0.25 mM, 0.05 g d B d 0.50 g and 1 h d C d 24 h. 
 
     The percentage of nitrate removal plots for the three variables have been predicted based on the model and shown 
in Fig. 3. From Fig. 3, it can be observed that both of the parameters, initial nitrate concentration (A) and weight of 
adsorbent (B) exhibit great effect on the nitrate removal process. As the initial nitrate concentration increased, the 
percentage of nitrate removal increased proportionally. This was mainly due to the higher concentration gradient 
which acted as a driving force to overcome the mass transfer resistance between bulk solution and adsorbent surface 
[20]. On the other hand, the weight of adsorbent appeared to have little or no effect on nitrate removal at low initial 
nitrate concentration (Fig. 3a). However, as the initial nitrate concentration increased, the percentage of nitrate 
removal increased with the increase in weight of adsorbent. This indicated that the weight of adsorbent also has a 
significant effect in the nitrate removal process when the initial nitrate concentration increased. The increase in 
percentage of nitrate removal was because of the increase in the total available adsorbent surface area and adsorption 
sites with increasing adsorbent weight [21]. However, the percentage of nitrate removal did not increase with 
increasing contact time at any initial nitrate concentration (Fig.3b and Fig.3c). It can be inferred that the adsorbent 
has reached the maximum adsorption capacity within or before one hour. In the other words, the surface coverage of 
the adsorbent was already saturated with nitrate in less than one hour. Therefore, it can be concluded that the 
percentage of nitrate removal was highly dependent on the initial nitrate concentration and weight of adsorbent but 



























Fig. 3. Percentage of nitrate removal against (a) weight of adsorbent and initial nitrate concentration at contact time of 12.5 h (b) contact time of 
adsorbent and initial nitrate concentration at weight of adsorbent of 0.275 g (c) contact time of adsorbent and weight of adsorbent at initial nitrate 
concentration of 0.15 mM. 
(c) 
(a) (b) 
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3.2.2 Optimization Study 
 
        Table 4 shows the goals set in the current work for the optimization of nitrate removal, while Table 5 shows the 
optimum conditions suggested by the software. The optimum condition with the highest desirability, D of 0.871 was 
selected in this work. The optimum condition suggested by the software was at initial nitrate of 0.25 mM, adsorbent 
weight of 0.124 g and contact time of 1 h. Total 4 experiments were conducted at this optimum condition in order to 
verify the accuracy of the prediction and the results are shown in Table 6. Referring to Table 6, the experimental 
results are closed to the predicted values with average percentage error of 6.27%.  
                                       Table 4. Optimization goals in this work. 
Criteria Goal Lower Limit Upper Limit 
Initial Nitrate Concentration, mM In the range 0.05 0.25 
Weight of adsorbent, g Minimize 0.05 0.50 
Contact time, h Minimize 1.00 24.00 
Nitrate removal, % Maximize 4.16 70.26 
 
                                                           Table 5. Optimum conditions generated by DoE for nitrate removal process  
                                                                          using 20% AEPTMS amine-functionalized MCM-41. 
Solution A (mM) B (g) C (h) Y (%) Desirability 
1 0.25 0.124 1.00 56.47 0.871 
2 0.25 0.120 1.00 56.00 0.871 
3 0.25 0.128 1.00 57.10 0.871 
4 0.25 0.122 1.00 56.21 0.871 
5 0.25 0.126 1.01 56.82 0.871 
6 0.25 0.146 1.00 59.43 0.870 
7 0.25 0.154 1.00 60.45 0.868 
8 0.25 0.110 1.28 54.32 0.866 
9 0.25 0.142 1.27 58.76 0.866 
10 0.25 0.085 1.00 50.60 0.866 
 
                             Table 6. Experiment verification for optimum conditions in nitrate removal process. 
Run Y: Percentage of Nitrate Removal, % Error, % 
1 61.62 9.12 
2 59.57 5.49 
3 57.88 2.51 
4 60.96 7.96 
Average 60.01 6.27 
4. Conclusion  
Based on the results obtained in this work, it was found that 20% AEPTMS amine functionalized MCM-41 could 
achieve up to 70% of nitrate removal at initial nitrate concentration of 0.25 mM, adsorbent dosage of 0.50 g and 
contact time of 1 h, which was higher than those removal results using pure MCM-41 reported in the literature. 
Besides, the optimization study on the nitrate removal process has also been successfully conducted by using 
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response surface methodology (RSM). Based on the software, the model was significant with F-value of 0.0001 and 
correlation coefficient, R2 of 0.9935. The interaction between variables and response has been demonstrated in 3D 
surface plots through prediction from the model. Furthermore, nitrate removal of 56% was obtained at the optimum 
condition with initial nitrate concentration of 0.25 mM, weight of adsorbent of 0.124 g and contact time of 1 h. The 
optimum condition was verified through experiments and the results were in good agreement with the predicted 
data. 
Acknowledgements 
The financial and technical supports provided by Universiti Teknologi PETRONAS are duly acknowledged. 
References 
[1] N. N. Rabalais, R. E. Turner, D. Scavia, Beyond science into policy: Gulf of Mexico hypoxia and the Mississippi river, BioScience 52 
(2002) 129-142. 
[2] D. Scavia, K. A. Donnelly, Reassessing hypoxia forecasts for the Gulf of Mexico," Environ. Sci. & Technol. 41 (2007) 8111-8117. 
[3] S. Mousavi, S. Ibrahim, M. K. Aroua, S. Ghafari, Development of nitrate elimination by autohydrogenotrophic bacteria in bio-
electrochemical reactors–A review, Biochem. Eng. J. 67 (2012) 251-264. 
[4] S. Ghafari, M. Hasan, M. K. Aroua, Bio-electrochemical removal of nitrate from water and wastewater—a review, Bioresour. 
Technol. 99 (2008) 3965-3974. 
[5] N. Öztürk, T. E. l. Bektaş, Nitrate removal from aqueous solution by adsorption onto various materials, J. Hazard. Mater. 112 (2004) 
155-162. 
[6] Washington State Department of Health. Guidance Document: Nitrate treatment alternatives for small water systems, D. PUB, 2005, 
pp. 331-309. 
[7] A. Bhatnagar, M. Sillanpää, A review of emerging adsorbents for nitrate removal from water, Chem. Eng. J. 168 (2011) 493-504. 
[8] P. Westerhoff, K. Doudrick, Nitrates in Groundwater: Treatment Technologies for Today and Tomorrow. Southwest Hydrology 8 
(2009) 30-31. 
[9] S. Hamoudi, K. Belkacemi, Adsorption of nitrate and phosphate ions from aqueous solutions using organically-functionalized silica 
materials: Kinetic modeling, Fuel  110 (2013) 107-113. 
[10] G. Castruita-de León, Y. A. Perera-Mercado, L. A. García-Cerda, J. A. Mercado-Silva, H. I. Meléndez-Ortiz, Y. Olivares-Maldonado, 
L. Alvarez-Contreras, Synthesis of amino-functionalized MCM-48 silica via direct co-condensation at room temperature, Micropor. 
Mesopor. Mater. 204 (2015) 156-162. 
[11] L.-L. Lou, S. Jiang, K. Yu, Z. Gu, R. Ji, Y. Dong, S. Liu, Mesoporous silicas functionalized with aminopropyl via co-condensation: 
Effective supports for chiral Mn (III) salen complex, Micropor. Mesopor. Mater. 142 (2011) 214-220. 
[12] R. Serna-Guerrero, A. Sayari, Applications of pore-expanded mesoporous silica. 7. Adsorption of volatile organic compounds, 
Environ. Sci. & Technol. 41 (2007) 4761-4766. 
[13] S. N. A. Rahman, Preparation and characterization of tertiary amine functionalized MCM-41 for removal of nitrate from aqueous 
solution, Dissertation, Final Year Project, Chemical Engineering, Universiti Teknologi Petronas, 2014. 
[14] M. K. Seliem, S. Komarneni, T. Byrne, F. Cannon, M. Shahien, A. Khalil, I.M. Abd El-Gaid, Removal of nitrate by synthetic 
organosilicas and organoclay: Kinetic and isotherm studies, Sep. Puri. Technol.110 (2013) 181-187. 
[15] M. Aghaii, M. Pakizeh, A. Ahmadpour, Synthesis and characterization of modified UZM-5 as adsorbent for nitrate removal from 
aqueous solution, Sep.Puri.Technol.113 (2013) 24-32. 
[16] S. Huh, J. W. Wiench, J.-C. Yoo, M. Pruski, V. S.-Y. Lin, Organic functionalization and morphology control of mesoporous silicas 
via a co-condensation synthesis method, Chem. Mater. 15 (2003) 4247-4256. 
[17] K. Parida, D. Rath, Amine functionalized MCM-41: An active and reusable catalyst for Knoevenagel condensation reaction, J. Mol. 
Catal. A: Chem. 310 (2009) 93-100. 
[18] X. Dai, F. Qiu, X. Zhou, Y. Long, W. Li, Y. Tu, Amino-functionalized MCM-41 for the simultaneous electrochemical determination 
of trace lead and cadmium, Electrochim. Acta, 144 (2014) 161-167. 
[19] D. B. Nale, S. Rana, K. Parida, B. M. Bhanage, Amine functionalized MCM-41 as a green, efficient, and heterogeneous catalyst for 
the regioselective synthesis of 5-aryl-2-oxazolidinones, from CO2 and aziridines, Appl. Catal., A 469 (2014) 340-349. 
[20] V. C. Srivastava, M. M. Swamy, I. D. Mall, B. Prasad, I. M. Mishra, Adsorptive removal of phenol by bagasse fly ash and activated 
carbon: equilibrium, kinetics and thermodynamics, Colloids Surf., A 272 (2006) 89-104. 
[21] R. Saad, K. Belkacemi, S. Hamoudi, Adsorption of phosphate and nitrate anions on ammonium-functionalized MCM-48: Effects of 
experimental conditions, J. Colloid Interface Sci. 311 (2007) 375-381. 
 
